Background: In fabrication of ZnO-based low voltage varistor, Bi 2 O 3 and TiO 2 have been used as former and grain growth enhancer factors respectively. Therefore, the molar ratio of the factors is quit important in the fabrication. In this paper, modeling and optimization of Bi 2 O 3 and TiO 2 was carried out by response surface methodology to achieve maximized electrical properties. The fabrication was planned by central composite design using two variables and one response. To obtain actual responses, the design was performed in laboratory by the conventional methods of ceramics fabrication. The actual responses were fitted into a valid second order algebraic polynomial equation. Then the quadratic model was suggested by response surface methodology. The model was validated by analysis of variance which provided several evidences such as high F-value (153.6), very low P-value (<0.0001), adjusted R-squared (0.985) and predicted R-squared (0.947). Moreover, the lack of fit was not significant which means the model was significant.
Background
Varistors are nonlinear electro-devices with a ceramics microstructure that are used as protectors in distribution and energy transmission lines against voltage surge [1] . In the past four decades, varistors based on ZnO and SnO 2 have attracted attention because of their excellent non-ohmic behavior and low leakage currents [2, 3] .
However, ZnO-based varistor has been demanded along with the development of very-large-scale integration electronics because it exhibits high nonlinear currentvoltage (I-V) characteristics in lower voltage ranges [4, 5] . The non-linearity is expressed by I = KV α where K is a constant, and 'α' is nonlinear coefficient (alpha) [6] . The alpha originates from microstructure of the varistor ceramics which is composed of conductive n-type ZnO grains and small amount of a few metal oxide additives such as Bi 2 The microstructure is made of ZnO grain surrounded by the melted additives as boundaries [4] . The boundaries contain of Bi-rich intergranular, metal oxide and secondary spinel phase and strictly influences on the alpha [4, [6] [7] [8] [9] [10] [11] . The role of Bi 2 O 3 , as a former, is quite important since it provides the medium for liquidphase sintering, enhances the growth of ZnO grains, and finally stables the nonlinear current-voltage characteristics of the varistor [12] . High sintering temperature is necessary for ZnO grain growth despite the fact that at this condition Bi 2 O 3 tends to evaporate [13] . The melting point of Bi 2 O 3 is 825°C, and the eutectic temperature of ZnO-Bi 2 O 3 is only 740°C, thus a liquid phase is formed in the ZnO-Bi 2 O 3 specimens below 800°C. As soon as the eutectic liquid is formed, the mass loss starts to increase which indicates the vaporization of Bi 2 O 3 [14] . The sharp lost weight was reported above 1100°C since there was no reported peaks of β-Bi 2 O 3 at 1300°C [15, 16] . On the other hand, TiO 2 increases reactivity of the Bi 2 O 3 -rich liquid phase with the solid ZnO during sintering process which prevents Bi 2 O 3 vaporization [13, [17] [18] [19] . The phase equilibrium and the temperature of liquid-phase formation are defined by the TiO 2 /Bi 2 O 3 ratio [20] . According to the reports, the effect of TiO 2 depends on Bi 2 O 3 that means the additives interact in low-voltage varistor ceramics fabrication. To determine the effect of the interactions on the varistors' electrical properties, the molar ratios of the additives must simultaneously be considered. To the best of our knowledge, there is no study on the interactions which optimize the ratio of the additives and maximize the alpha. Recently, response surface methodology (RSM) has been accepted for modeling and optimizing of input intractable variables to achieve maximum yield product as output for productive process [21] . RSM is known as a semi-empirical method because the process could be optimized by using experimental results, and a group of mathematical and statistical techniques [22] . In this work, RSM was used for modeling and optimizing of molar ratio of Bi 2 O 3 and TiO 2 as additives to achieve the maximum value of the alpha for low voltage varistor. The experiments were designed by central composite design (CCD) to obtain the empirical results (actual). The results were used for regression and fitting process to fine an appropriate model. The model was verified by several statistical techniques such as residual analysis, scaling residuals and prediction error sum of squares (PRESS). The model optimized the input additives and then maximized the alpha as output. In addition, the model predicted the desirable condition including minimum standard error and the maximum alpha which are validated by further experiments. The predicted samples were characterized by X-ray diffractometer (XRD), scanning electron microscope (SEM), variable pressure scanning electron microscope (VPSEM) and Energy-dispersive X-ray (EDX).
Experimental

Materials and methods
The commercial chemical, ZnO 3 (100% ±2), were provided from Alfa Aesar as starting powders. The powders were weighed according to the experimental design of molar ratios ( Table 1 ). The molar ratios of the powders were mixed, ground in dry form and then ball milled in acetone for 24 h. During ball milling, agglomeration was controlled by Zirconium oxide balls. After drying in hot oven for 8 h, the mixed powders were grounded and pressed into pellet forms of 10 mm in [23] .
To determine DC current-voltage (I-V), both of the sintered sample surfaces were coated by silver electrodes. The I-V of the samples was measured by Keithley 236 source meter. The samples were scanned with dc voltage from 0 to 100 V in step size of 2.5 V. The alpha was calculated at J 1 = 0.1 and J 2 = 1 mA/cm 2 by equation (1) as actual responses [6] .
The breakdown voltage (E b ) was determined by measuring E at J = 0.75 mA/cm 2 and the leakage current (J L ) was determined evaluating J at 0.8E b where J (mA/cm 2 ) is the current density and E is the electrical field (V/mm). To characterize the microstructure, the both surfaces of samples were polished by aluminum oxide powder. Then, they were etched at 160°C under sintering time with heating and cooling rate, 10°C/min. Phase analysis was conducted using XRD (PANalytical, Philips-X'pert Pro PW3040/60) with CuKα source. The sample were radiated with Ni-filtered CuKα radiation (λ = 1.5428) within the 2θ scan range of 20-80°. Surface morphology and elemental analyses of sintered samples were studied under SEM (JEOL JSM 6400) and VPSEM (LEO 1455) which attached to EDX. The samples was mounted on Al stub using carbon paint and coated by gold layer. Average grains size of the ZnO in the varistor was evaluated by measuring 100 grains in SEMs images.
Experimental design
The experimental design was carried out by CCD that used Design-Expert software version 8.0.7.1, Stat-Ease Inc., USA [24] [25] [26] . CCD is well fixed for fitting a quadratic surface that usually works well for optimization process [27] [28] [29] . The variables number, level of variables and number of responses are determined as input of experimental design. In this case, the molar ratio of Bi 2 O 3 and TiO 2 was selected as effective variables in vicinity of their optimum while alpha was the response as output. The CCD transformed the variables and the response to the terms of code values (Table 2) because the units and range of variables were different. The coded values spaces are ±1 from the center (0.0) and the star points are usually located 'α' distance from the center [29, 30] . In the design, there N experiment that includes the factorial points (2 n ), the axial points (2n), and the center points C o or replications as the equation N = 2 n + 2n + C o which is 13, 4, 4 and 5 respectively. The replications are used to measure experimental error [31] . As a result, the experimental design is presented as a design matrix with 'n' column and 'N' row in Table 1 . Where, each column corresponds to a particular variable, e.g. x 1 and x 2 which arranged in order to increase factor number from left to right. The rows are experiments runs because each one contains the descriptions of an experiment. Additionally, the design constructs a matrix of actual responses that obtained by the experiments.
The RSM description
The RSM develops an adequate functional relationship between input variables and interested responses by lowdegree approximation of the polynomial models such as the second degree model (Eq. 2) [32] .
where Y is the interested response, β 0 is the constant term, β i is the coefficient of the linear terms, β ii represents the coefficient of the quadratic terms, β ij is the coefficient of the interaction terms while x i are control variables and 'ε' is a random experimental error [31] . For system with two factors, the model is described by equation (3),
where Y 1i is the experimental single response, x 1 and x 2 are the coded factors (Table 2) , β 0 is the intercept term, β 1 and β 2 are slopes with respect to each of the two factors, β 11 and β 22 are curvature terms, and β 12 is the interaction term. To estimate the β's, the fitting process provides the sufficient data by regression tools [33, 34] . In the process, the actual responses are fitted to the polynomial models by sequential model sum of squares (SMSS) [33, 34] . The SMSS compares the linear, two-factor interaction (2FI), quadratic and cubic models by using the statistical significance of adding new model terms, step by step in increasing order [35] . To select the provisional model, the lack of fit of those models is compared by minimum pvalues and PRESS. The other assessments to select the best provisional model are maximum adjusted Rsquared (R Adj ) and predicted R-squared (R Pred ) [36] . The p-value is one of the most important evidences which was used to study significant effect of the parameters [33] . In addition, the lack-of-fit test diagnoses how well each terms of the full model fit the data that pillared by statistical parameters such as R Adj , R Pred and PRESS [36, 37] . Therefore, the provisional model with minimum p-value and PRESS and also maximum R Adj , R Pred is selected to investigate in details. The details are provided by using analysis of variance (ANOVA) which contains a collection of terms statistical evidences. The ANOVA determines the significance of intercept, linear, interaction and square terms of the provisional model by using minimum p-value. For more evaluation, the normality of residuals, constant error and residual outlier is checked by various diagnostic plots [38] . The validated model, the relationship between variables and response, is created in coded and actual variables. The model indicates the effect of linear, quadratic and the parameters interactions on the interested response. The effects are presented by estimated coefficients and the related positive and negative signs (+, -). The coefficients are specific weight of the parameters in the model while the signs (+) and (−) operate as synergistic and antagonistic effects on the response [39] . Then the optimization process investigates combination of variables levels that produces the maximum response to a surface area simultaneously. Moreover, the model predicts the yield of product in specific condition such as individual standard error, the range of variables and responses. The prediction could be performed by further experiments.
Results and discussion
Modeling
In the fitting process, the residuals are produced from difference between actual and predicted values. Standard error is a great tool to determine the residuals outlier and also the scope of models prediction [40] . Figure 1 indicates the standard error contour plot of the experimental design which displays Bi 2 O 3 versus TiO 2 molar ratio. The bright area has relatively low standard error that interested for the modeling and optimization process. However, the darker shading corners represent higher standard errors which are dangerous to extrapolation. Table 3 indicates that the SMSS compared four models to recommend a proper model [35, 36] . As shown, the quadratic model was suggested as the best provisional model. The suggestion based on the lowest standard deviation, p-value and PRESS and the highest R Adj , R Pred values. Moreover, the R Adj (0.991) was in reasonable agreement with (<0.20) R Pred (0.985) which confirmed the model sufficiency. Therefore, the authors selected the suggested model to investigate in details by using ANOVA. Table 4 shows the ANOVA of the provisional model which included the useful statistical evidences about the terms (x 1 , x 2 , x 1 x 2 , x 1 2 and x 2 2 ) in details. As shown, the prob > F of the terms was less than 0.05 which confirmed the high significance of the terms. Moreover, the model's F-value was 153.6 that indicated great significance for the model. In addition, the very low value of the model p-value confirmed the significance. Futhermore, R-squared (R) provides a measure of how much variability in the observed response values Figure 1 Contour plot of the experimental-design standard error with expanded axes, extrapolated area shaded.
can be explained by the experimental factors and their interactions. In this study, the R (0.991) indicated that the model was capable of accounting for more than 99.1% of the variability in the responses. The R Adj (0.985) was in reasonable agreement with (<0.20) the R Pred (0.947) which confirmed the aptness of the model. The pure errors such as experimental errors were minimal as the lack of fit (0.094) was not significant or the model was fit well. Therefore, ANOVA confirmed the adequacy of the quadratic model that could be used to navigate the design space.
The normality of residuals, constant error and residual outliers were checked by various diagnostic plots. The normal probability plots of the studentized residuals as one of the most important diagnostic plots, was provided (Figure 2 ). The plot presents percentage of normal% probability versus internal studentized residuals. The studentized residual is an important technique in the detection of residuals outliers in regressions [41] . As the plot demonstrates, the residuals followed a normal distribution that implies the points follow a straight line. As another diagnosis, Figure 3 illustrates the predicted response values versus the actual response values and detects the values that are not easily predicted by the model. The data points were on the 45 degree line that means the values were not detected. As a result, the diagnosis of residuals reveals that there is no statistical problem in the model. 
The model presentation
where the actual values of the variables x 1 and x 2 were shown in Table 2 and Y is the alpha. As shown, the parameters including linear (x 1 , x 2 ), quadratic (x 1 2 , x 2 2 ) and interaction (x 1 x 2 ) affected on the interested response. The effects are presented by the individual coefficients and the related signs (+, -) in the model. The coefficients indicate the specific weight of the parameters in the model while the signs are synergistic (+) and antagonistic (−) effects of variables on the response (Y). The weights determine the importance of the parameters roles in the modeling. The model is able to optimize input variables and also approximately predict the response inside of the actual experimental region that confirmed by minimum standard error ( Figure 1 ) [33] . Therefore, the model was used to optimize the molar ratio of Bi 2 O 3 and TiO 2 to achieve maximized alpha.
The model optimization
The model is able to optimize the variables by using canonical response and graphical plots. The canonical responses, local optimums, in terms of the code and actual variables were determined by differentiating the model (Eq. 4) as presented in equations (5 and 6),
where the terms were introduced in Table 2 . Therefore, the optimum canonical amount of Bi 2 O 3 and TiO 2 were 1.195 and 1.025 respectively. At this optimum, the maximized alpha was 15.03. In fact, the optimization is a kind of the traditional methods, one-variable-at-a-time, because in each case, one of the variables was varied and Figure 6 The EDX of etched optimized sample surfaces. others were constant. In graphical optimization, the model simultaneously considered the effect of Bi 2 O 3 and TiO 2 on the alpha. Figure 4 presents the three dimension response surface (3D) plot for the synergy between Bi 2 O 3 (1-1.5 mol%) and TiO 2 (1-1.5 mol%) which is standard error limitation area ( Figure 1 ). As shown, the alpha increased within 1 to 1.25 mol% Bi 2 O 3 and TiO 2 . However, when the amount of Bi 2 O 3 and TiO 2 was increased in excess of the optimum (1.25 mol%), the alpha decreased. Therefore, the optimum was determined in a surface area around 1.25 mol% for the both additives.
The maximum alpha was 20.031 at center of the surface which indicated by a flag on top of Figure 4 . The model predicted the maximized alpha in desirable condition of the additives and standard error which facilitated by default of software numerical option. The desirability is an objective function that uses mathematical methods to find the optimum condition [25] . The range of the function is from zero (outside of the limit area) to one (at the goal). The criteria for this case Bi 2 O 3 (in range), TiO 2 (in range), standard error (minimized) and alpha (maximized). The suggested solution was Bi 2 O 3 (1.24 mol%), TiO 2 (1.27 mol%), standard error (0.35), and alpha 20.03. The desirability of the solution was 0.981 which is close to 100% (at the goal). The solution was performed to confirm the prediction by validated experiment. The validated alpha was determined 21.6 which was quite close to the predicted alpha (20.03). Table 5 illustrated a summary of optimized molar ratios of Bi 2 O 3 and TiO 2 and also the related maximized alpha which obtained by canonical, graphical and numerical model optimization method.
The validated varistor
The validated sample was characterized as final varistor for this optimization process. Figure 5 demonstrates the SEM morphology of the sintered ceramic microstructure of the varistor. Figure 5a indicates the great homogeneity of ZnO grain size. The average grain size was 15 μm (Figure 5b) . Figure 6 illustrates EDX spectra of a limited area of the etched varistor surfaces composition. As shown all additives particular Bi (1.0 weight%) and Ti (1.17 weight%) were detected in the selected area after sintering process at 1260°C. Figure 7 shows the XRD pattern of the optimized sample which presented three phase of ZnO, spinel and metal The electrical properties of the varistor were basis of I-V characteristic measurement that shows breakdown voltage was 98 V/mm with non-linear coefficient 21.6. The leakage current was 0.013 mA/cm 2 . The stability of the varistor was measured by alpha recovery after removing the over voltage ( Figure 8) . As shown the stability was quit significant after fourth over voltage.
Conclusions
This work reports modeling and optimization of the molar ratio of Bi 2 O 3 and TiO 2 by RSM. The fabrication was designed by CCD using two variables and a response. To obtain actual responses, the design was performed in laboratory by conventional fabrication methods. The actual responses were fitted into a quadratic model. The model was validated by ANOVA which provided evidences such as high F-value (153.6), very low p-value (<0.0001), R adj (0.985) and R Pred (0.947). The results of the validation showed the model was significant. The model tracked the optimum of the designed additives by using 3D plots. In the optimum condition, the molars ratio of Bi 2 O 3 and TiO 2 were around 1.25 that maximized the alpha value at 20. Moreover, the model suggested a solution to predict the optimum amount of the additives. In this case, the condition of the solution included standard error of 0.35, Bi 2 O 3 of 1.24, TiO 2 of 1.27 and alpha of 20.03. The solution was tested by further experiments. As the validation test showed, the obtained value of the alpha (21.6) was very close to the predicted value (20.03). Therefore, RSM was succeeded in modeling of the additives in fabrication of zinc oxide based low voltage varistor to achieve maximum alpha.
